







































































































temperature-dependence	of	each	current,	𝐼!,	using	the	chain	rule	[2,	21,	22]:	95 𝑑𝑃𝑑𝑇 = 𝑑𝑃𝑑𝐼! 𝑑𝐼!𝑑𝑇! 	
The	contribution	of	each	current,	𝐼!,	to	𝑃	is	weighted	by	the	corresponding	channel	density,	𝑔!.	96 
Thus,	97 𝑑𝑃𝑑𝑇 = 𝑔! 𝑑𝑃𝑑𝑥! 𝑑𝑥!𝑑𝑇! 					(2)	
where	𝑥! 	is	the	unit	current	due	to	each	channel	type	(so	that	𝐼! = 𝑔!𝑥!.)	Informally,	this	98 
relationship	can	be	summarized	as:	99 
temperature	dependence




increase	or	decrease	property	𝑃	(or	it	has	no	effect,	in	which	case	it	is	irrelevant).	Therefore,	the	101 𝑑𝑃 𝑑𝑥! 	terms	in	(2)	are	either	positive	or	negative.	The	𝑑𝑥! 𝑑𝑇	terms	depend	only	on	the	Q10	s	102 
corresponding	to	current	𝑖,	which	are	always	positive	and	monotonic.	Re-writing	equation	(2)	103 
and	setting	𝑑𝑃 𝑑𝑇 = 0,	gives:	104 
0 = 𝑔! 𝑑𝑃𝑑𝑥! 𝑑𝑥!𝑑𝑇 −!!!!!! 𝑔! 𝑑𝑃𝑑𝑥! 𝑑𝑥!𝑑𝑇
!
!!!!!!! 					(3)	
Here	we	have	split	the	currents	according	to	whether	𝑑𝑃 𝑑𝑥! 	is	positive	or	negative.	For	a	large	105 
number,	𝑛,	of	different	conductances	with	a	mixture	of	positive	and	negative	contributions	(1	<	106 



















































































































































conductance	𝑔	with	gating	variables,	𝑚	and	ℎ,	we	have	standard	kinetic	equations	𝑔 = 𝑔𝑚!ℎ!;		245 𝜏!𝑚 = 𝑚!(𝑉) −𝑚;	𝜏!ℎ = ℎ!(𝑉) − ℎ,	where	𝑔	is	maximal	conductance,	𝑝, 𝑞	are	gating	246 
exponents,	𝜏!	are	gating	time	constants,	𝑥!(𝑉)	are	steady-state	voltage	dependencies	and	𝑉	is	247 
membrane	potential.	The	temperature	dependence	is	modeled	as	𝑔 = 𝑅!(𝑇)𝑔𝑚!ℎ! 	and	248 𝑅!(𝑇)!!𝜏!𝑚 = 𝑚!(𝑉) −𝑚,	(with	the	same	form	for		ℎ),	where	𝑇	is	temperature	(in	Kelvin)	249 
and	𝑅! 𝑇 = 𝑄!",!(!!!ref) !".	In	the	case	of	calcium	buffering,	the	corresponding	equation	is	250 𝑅Ca 𝑇 !!𝜏Ca Ca = 0.94𝐼Ca − Ca + 0.05.	The	coefficient	of	0.94	(in	units	of	µM	nF	/	pA)	is	a	251 
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geometric	factor	converting	calcium	current	to	concentration	assuming	the	cell	is	approximated	252 
as	a	cylinder	of	50	µm	in	diameter	and	400	µm	long	and	the	steady-state	value	of	0.05	(in	µm)	253 
corresponds	to	approximate	resting	cytosolic	calcium	concentration	[12].	254 
Models	that	use	calcium	dependent	channel	regulation	(Figure	3)	are	exactly	as	described	255 
previously	[12].	Regulation	parameters	were	chosen	as	described	in	the	main	text.	The	256 
conductance	densities,	regulation	parameters	and	𝑄!"	values	for	all	simulations	are	given	in	257 
table	S1	in	the	supplemental	data.	Duty	cycle	measurements	were	made	using	a	spike	threshold	258 
of	-10mV.	Simulation	code	is	available	at	https://github.com/marderlab/oleary_marder_2016	259 
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Figure	Legends	342 
	343 
Figure	1:	Temperature	robust	neural	activity	is	non-trivial	but	observed	biologically	in	neurons	344 
with	highly	variable	conductance	expression	345 
(A)	Three	example	model	neurons	with	identical	conductance	densities	and	randomly	assigned	346 
Q10s	for	all	kinetic	parameters	(values	and	ranges	in	Supplemental	Table	S1).	Conductance	347 
densities	were	chosen	to	produce	bursting	pacemaker	activity	at	the	reference	temperature	348 
(green	traces).	All	models	are	subjected	to	an	identical	acute	temperature	ramp	between	5	and	349 
10	°C	and	between	10	and	25	°C	(blue	traces);	temperature	ramp	is	shown	on	the	same	350 
timescale	(red	trace).	(B)	Example	traces	of	a	pharmacologically	isolated	PD	pacemaker	cell	in	351 
the	STG,	subjected	to	acute	changes	in	temperature,	reproduced	from	[2].	Scale	bar	spans	-75	to	352 
-25	mV	(vertical)	and	1	second	(horizontal).	(Right)	summary	measurements	of	PD	duty	cycle	as	353 
a	function	of	temperature	across	12	different	preparations	[1].	(C)	Single-cell	ion	channel	gene	354 
expression	data	from	PD	pacemaker	neurons,	reproduced	from	[9].	Units	are	mRNA	copy	355 
numbers	from	single	cell	real-time	PCR,	normalized	to	ribosomal	RNA.	Blue	lines	are	linear	fits	356 
where	significant	correlations	were	found.	357 
	358 
Figure	2:	Many	sets	of	conductance	densities	can	produce	temperature	robust	neurons	with	359 
mismatched	Q10s.	360 
(A)	Strategy	for	sampling	temperature-robust	combinations	of	channel	densities	and	Q10s.	Both	361 
channel	densities	and	Q10s	were	randomly	assigned	to	116,400	single	compartment	models,	362 
which	were	then	screened	to	find	temperature	robust	pacemaking	activity	by	measuring	duty	363 
cycle	and	burst	period	during	acute	temperature	ramps	(parameters	in	Supplemental	Table	S1).	364 
(B)	Total	variation	in	cycle	period	and	duty	cycle	over	the	temperature	range	5	–	25	°C	for	all	365 
7013	models	that	maintained	bursting	across	temperature.	Total	variation	is	defined	as	the	366 
difference	between	maximum	and	minimum	cycle	period/duty	cycle	across	the	temperature	367 
range.	Marginal	distributions	of	period	variation	and	duty	cycle	variation	are	shown	to	the	top	368 
and	right	of	the	plots.	Yellow	shaded	region	shows	the	subset	of	models	that	maintained	duty	369 
cycle	within	5%	over	the	temperature	range.	(C)	(Top	panel)	Histograms	of	Q10s	for	all	channel	370 
gating	variables	and	maximal	conductances,	and	for	calcium	buffering	time-constant	and	Q10.	371 
For	maximal	conductances,	the	horizontal	axis	ranges	from	1.0	to	1.5.	For	calcium	buffer	time-372 
constant	the	range	is	20-100	ms.	For	all	other	Q10	histograms	the	range	is	1.0	to	4.0.	373 
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Distributions	that	deviate	substantially	from	the	original	uniform	sampling	distribution	are	374 
shaded	red	(Kolmogorov-Smirnov	statistic	>	0.1.)	Conductance	abbreviations:	NaV	=	fast	sodium,	375 
CaT	=	transient	calcium,	CaS	=	slow	calcium,	KA	=	A-type	potassium,	KCa	=	calcium-activated	376 
potasium,	Kdr	=	delayer	rectifier	potassium,	Ih	=	hyperpolarization-activated	mixed	cation	377 
conductance.	(Bottom	panel)	as	for	Top	panel,	but	for	the	subset	of	560	models	that	maintained	378 
duty	cycle	within	5%,	as	depicted	in	yellow	shaded	region	of	(B).	379 
	380 
Figure	3.	An	example	of	a	self-regulating	population	of	model	neurons	that	establish	381 
temperature-robust	sets	of	conductance	densities	382 
(A)	Cartoon	of	the	conductance	regulation	model	used	in	this	paper.	Calcium	concentration	383 
directly	modulates	the	expression	rates	of	all	conductances	densities	by	altering	the	rate	of	384 
production	of	a	channel	intermediate	(‘mRNA’)	on	an	appropriately	slow	timescale	(orders	of	385 
magnitude	slower	than	fluctuations	in	calcium	due	to	spikes	and	membrane	potential	386 
oscillations).	(Lower	panel)	Example	traces	showing	convergence	of	the	model.	Scale	bar:	50	mV	387 
(vertical),	500	ms	(horizontal).	See	ref	[11]	for	full	model	details.	(B)	(Left	panel)	Random	initial	388 
conductance	densities	in	25	model	neurons.	(Middle	panel)	Steady-state	conductance	densities	389 
in	the	same	25	model	neurons	in	the	left	panel	following	convergence	under	the	control	of	one	390 
example	parameter	set	from	the	2028	parameter	sets	that	produced	temperature-robust	self-391 
regulating	neurons.	(Right	panel)	Q10	values	of	the	conductances	in	the	model	neurons	in	the	left	392 
and	middle	panels.	(C)	Acute	temperature	ramps	in	five	example	model	neurons	selected	from	393 
the	steady-state	population	in	(B).	(D)	Quantification	of	duty	cycle	in	the	five	example	neurons	in	394 
(C)	as	a	function	of	temperature.	(E)	Time-stretched	membrane	potential	traces	from	the	blue	395 
model	neuron	in	(C).	396 
	397 
Supplemental	Information	398 
	399 
Table	S1.	Conductance	parameters	for	simulations	400 
Conductance	densities	(in	µS/nF)	and	Q10	range	for	model	neurons	in	Figure	1	and	ranges	for	401 
models	sampled	in	Figure	2.	402 
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